Construction and characterization of herpes simplex type 1 viruses without introns in immediate early gene 1
Roger D. Everett MRC Virology Unit, Church Street, Glasgow Gll 5JR, U.K. Herpes simplex virus type 1 (HSV-1) encodes at least 70 distinct genes in a DNA genome sequence of about 150 kb. In contrast to most cellular genes and those of several other DNA viruses, the overwhelming majority of HSV-1 transcripts are not spliced. One exception is immediate early (IE) gene 1, which contains two introns in the Vmwll0 coding region. This study investigated the possibility that IE-1 intron sequences have a role during HSV-1 infection. IE-1 genes lacking the first, second or both introns were constructed by site-directed deletion mutagenesis and recombined into the viral genome. Viruses lacking the IE-1 introns were essentially indistinguishable from the parent virus in terms of growth, particle to p.f.u, ratio or viral polypeptide expression in a variety of cell types. The lack of introns did not affect the time-course or efficiency of expression of Vmwll0 either during normal infection or in cycloheximide reversal experiments. In contrast, in transfection assays, the loss of both intron sequences resulted in the elimination of the ability of a plasmid-encoded IE-1 to activate gene expression. These results imply that in certain situations the introns in IE-gene I may contribute to the efficient expression of Vmw110 but such an effect is not readily apparent using a recombinant virus in the tissue culture systems tested. In the course of this work a mutant of Vmw110 was fortuitously isolated which had lost the majority of an extremely acidic section of the polypeptide; this mutation appeared to have little effect on Vmw110 function.
Introduction
Herpes simplex virus type 1 (HSV-I) has a dsDNA genome of about 150 kb which encodes at least 70 distinct genes (McGeoch et al., 1988) . These genes can be grouped into three major temporal classes defined as immediate early (IE), early and late (for reviews, see Wagner, 1985; Everett, 1987) . Of the five IE genes, at least three have some role in the regulation of Viral gene expression, and two (genes IE-2 and IE-3, encoding Vmw63 and Vmw 175 respectively) are essential for virus growth (Preston, 1979; Sacks et al., 1985) . The product of IE-1, Vmwll0, activates the expression of a broad spectrum of genes in transfection assays and contributes to efficient viral growth in tissue culture, especially at low multiplicity (Everett, 1984 (Everett, , 1989 O'Hare & Hayward, 1985; Gelman & Silverstein, 1985; Stow & Stow, 1986; Sacks et aL, 1987; Cai & Schaffer, 1989) . Althought the majority of HSV-1 genes do not appear to contain intervening sequences (McGeoch et al., 1988) , IE-1 is unusual in that it contains two introns. Within the first intron there are three copies of a 54 bp repeat, whereas the second intron is unusually small (136 nucleotides) (Perry et al., 1986) . This study was initiated to investigate the role, if any, of the intron sequences in terms of IE-1 function, Vmwll0 expression or other aspects of viral growth in tissue culture.
The interest in this question lies not only in IE-1 expression alone, but also in the intriguing functions of the IE-1 region in the repeated sequences bounding the long unique section of the genome (Fig. 1) . IE-1 is overlapped in the same sense by a transcript originating in the 'a' sequence (Chou & Roizman, 1986) , the coding potential of which was controversial (McGeoch et al., 1988) until published sequences were extensively revised (Chou & Roizman, 1990) . Sequences immediately 5' to IE-1, within this transcribed region, are important for the pathogenicity of both HSV-1 and -2 (Taha et al., 1989; Thompson et al., 1989) . In the opposite orientation, IE-1 is overlapped by the latency-associated transcripts (LATs), which are the only viral transcripts expressed at high levels in latently infected neurons (although their role in latency remains unclear). Despite the fact that the most abundant LATs extend only into the 3' portion of the IE-1 region (Wagner et al., 1988 and references therein), recent evidence indicates that the primary LAT may overlap the entire IE-1 transcribed region (Dobson et al., 1989) . Therefore it is possible that sequences in the IE-1 transcribed region could have a role in more than one function and that the introns are present in order to conserve these other putative functions.
The experiments described in this paper report the construction (by site-directed deletion mutagenesis) and analysis in tissue culture of viruses lacking the first, second or both introns of IE-I. The role of the introns was investigated by comparing the time-course and efficiency of IE-1 expression, induced by viruses with and without the introns, in various cell types. No significant differences were found. Comparison of growth rates, yields, particle to p.f.u, ratios and the efficiency of viral gene expression of wild-type and mutant viruses showed no clear effect attributable to the lack of introns.
In addition to studies using recombinant viruses, IE-1 function was studied in transfection experiments. The results indicate that, in contrast to the situation during virus infection, deletion of the IE-1 introns from a plasmid results in a clear reduction in IE-1 function. This result implies that RNA metabolism may be altered during infection by HSV-1.
Methods
Plasmids and recombinant DNA methods. Plasmids pgDCAT and p175 have been described previously (Everett, 1986; Perry et al., 1986) . Plasmid pll 1 contains the SstI-HpaI region of RL, which includes IE-! (Perry et al., 1986) . The SstI-KpnI and Kpnl-SalI fragments of this plasmid were inserted between the relevant sites of M 13rap 18 and -19 respectively in preparation for oligonucleotide mutagenesis. Oligonucleotides 5' CATCCGGGGCGGGCTCGCGCTG 3' and 5' ACGACGACCTGGACGACGCAGACTACGTACCG 3' were used to delete introns 1 and 2 respectively in separate mutagenesis experiments using the M13 universal primer in a double primer method, loosely based on that described by Zoller & Smith (1984) . Briefly, after hybridization of M13 and mutagenic primers, and treatment with Klenow DNA polymerase in the presence of DNA ligase, the mutagenized M13 DNA was transfected into JM101, the plaques were screened initially by differential hybridization and then by restriction enzyme digestion and dideoxynucleotide DNA sequence analysis. The mutant SstlTKpnI and KpnI-Sall fragments were then used to rebuild plasmids lacking one or other or both introns. Mutant plasmid DNAs were then sequenced directly using the dideoxynucleotide method adapted for double-stranded templates with suitable primers and standard methods.
Cells and viruses. BHK-21 C13 (BHK) cells, grown in Glasgow modified Eagle's medium (GMEM) with 10% newborn calf serum (CS) and 10% tryptose phosphate broth, have been in continuous culture in this laboratory for several years. Human foetal lung (HFL) cells were obtained from Flow Laboratories and grown in GMEM with 10% foetal CS (FCS). HeLa cells were obtained from Dr W. Schaffner, University of Zurich, Austria and were grown in Dulbecco's modified Eagle's medium with 2-5 % CS and 2.5 % FCS. The wild-type virus used in these studies was HSV-1 Glasgow strain 17 syn +. The deletion mutant d11403, which has a deletion within both copies of IE-1, has been described (Stow & Stow, 1986) . All viruses were propagated in BHK cells and titrated as described in the results.
Preparation and analyses of viral DNA. Infectious viral DNA was prepared from cell-released viral stocks by the method of Wilkie (1973) . Viral DNA for Southern blot analysis of the genotype was prepared as total cellular DNA from infected cell monolayers (Stow et al., 1983) . Viral DNAs were analysed by restriction enzyme digestion, agarose gel electrophoresis and Southern blotting (Southern, 1975) using nicktranslated probes (Rigby et al., 1977) .
Transfection of tissue culture cells and isolation of recombinant viruses.
Infectious DNA from deletion mutant d11403, mixed with calf thymus carrier DNA and mutant plasmid DNA linearized at the SstI site, was transfected into BHK cells by the method of Stow & Wilkie (1976) . Recombinant viruses were isolated by harvesting the total virus progeny from the transfection and passaging this stock twice at initial multiplicities of 0-001 to 0.01 p.f.u./cell. The passaged stock was then plated out under agar and individual plaques were picked. These were grown in single wells in 24-well Linbro blocks. When extensive c.p.e. was seen, total cellular DNA was prepared from each well and analysed for the presence of the desired mutation by Southern blotting. Viruses which carried the required mutation in both copies of IE-1 were plaquepurified twice more before stocks were grown. All viral preparations were analysed by Southern blotting to confirm the presence of the mutation.
Infection of cells for the preparation of labelled IE protein extracts. BHK cells (4 x 105 cells in 24-weU Linbro dishes) were preincubated for 30 min in the presence of cycloheximide (100 ~tg/ml) and then infected with wild-type or mutant viruses at a multiplicity of 5 p.f.u./cell. After a 1 h adsorption period, the cells were re-fed with growth medium containing cycloheximide and incubated at 37 °C for a further 4 h. The cells were washed three times with phosphate-buffered saline (PBS) and once with PBS containing 2-5 lag/ml actinomycin D, and were then incubated with I0 ~tCi [35S]methionine (Amersham; > 800 Ci/mmol) in 0.2 ml PBS plus actinomycin D at 37 °C for 90 rain. The cells were then washed with PBS and harvested directly into boiling mix (100 ~tl). This infection and labelling procedure maximizes the production of the IE proteins of HSV-I .
Labelling of viral polypeptides and analysis by SDS-PAGE.
Examination of polypeptide synthesis through the growth cycle was performed at 37 °C using a 2 h labelling period. Single wells of 24-well Linbro blocks containing 4x 10 s cells were infected at various multiplicities (as described in the text) and washed at various times thereafter with PBS and incubated with 10 ~tCi [35S]methionine (Amersham; >800 Ci/mmol) in 200 111 PBS. After labelling, the cells were washed and harvested as described by Marsden et al. (1978) . Labelled proteins were analysed on discontinuous 7.5 ~ SDS polyacrylamide gels which were fixed, dried and autoradiographed as described by Marsden et al., (1978) .
Western blotting to detect Vmw l lO. SDS-polyacrylamide gels were cast in a Bio-Rad mini gel kit. After electrophoretic separation, the proteins were transferred to nitrocellulose sheets using the compatible Bio-Rad Western blotting apparatus. The sheets were blocked at 37 °C using 3 ~ gelatin and then incubated overnight with rabbit antipeptide serum 14711 at a dilution of 1 : 10. Antibody 14711 was raised against a synthetic peptide which corresponds to a sequence near the carboxy terminus of Vmwll0 (Perry et al., 1986) . After washing off excess antiserum, the bound antibody was detected using 125I-labelled Protein A.
Transfection of HeLa cells and chloramphenicol acetyltransferase (CAT) assays.
Transfection of HeLa cells, preparation of cell extracts and the quantification of CAT enzyme levels were conducted exactly as described previously (Everett, 1988) .
Results

The construction of plasmids without one or both introns in IEol
The positions of the introns in the IE-1 transcription unit have been determined by S1 nuclease and DNA sequence analysis (Perry et al., 1986) . Oligonucleotides were synthesized which correspond to the predicted cDNA sequence at the intron junctions and were used as primers on M13 templates which contained the SstIKpnI and KpnI-SalI regions of IE-1. These fragments include the regions of the first and second introns, respectively (Fig. 1) . The double-stranded products were transfected into JM101 host bacteria and the resultant plaques were screened by filter hybridization using the radiolabelled oligonucleotide primers as probes. Those plaques which gave strong hybridization signals were picked, replated and screened by restriction enzyme analysis of the M 13 replicative form DNAs. Clones with the predicted DNA restriction profiles were further analysed by DNA sequencing to confirm that the required deletion had been achieved. The mutated SstIKpnI and KpnI-SalI fragments from the respective M13 clones were then used to rebuild plasmid p110C1, which is identical to pill except for the absence of both introns. Similarly, appropriate selection of mutant and wild-type fragments allowed the construction of p 110C4 (only the first intron deleted) and pll0C7 (only the second intron deleted). The correct transfer of the mutations from the M13 bacteriophage was confirmed by DNA sequence analysis of the final plasmid clones. The details of these plasmids are given in Fig. 1 .
Deletion of the second intron proved to be problematical. Initial experiments, using two different mutagenic primers and an M13 clone with the KpnI-SalI insert in the opposite orientation to that which finally proved successful, gave mutant progeny which had all suffered major or minor rearrangements. One such mutant had an extra 21 bases to the 5' side of the intron deleted. This inframe deletion was retained for further study as it removed the majority of a highly acidic portion of the lines. The coordinates of the IE-1 transcript, its coding region and introns are indicated on the R L numbering system (Perry et aL, 1986) .
The approximate position of the major LAT is marked as a solid line, with the dotted arrowed line indicating the proposed primary LAT extending throughout the IE-1 region (Dobson et al., 1989) . Information on the transcripts overlapping IE-1 in the same orientation (labelled ICP 34.5) is taken from Chou & Roizman (1986) . The presence or absence of the introns in the p110C plasmids is indicated. R. D. Everett protein (residues 233 to 239: DEDDDDL), a region which appears to be partially balanced by a basic region on the other side of the intron (Perry et al., 1986) . Plasmid p110C3 includes this additional deletion in an IE-1 deletion mutant without introns, whereas plasmid pll0C8 is similar but retains the first intron.
Deletion of both introns from IE-1 eliminates its ability to activate gene expression in plasmid cotransfection assays
The plasmids with intron deletions in IE-1 were used in transfection assays to assesstheir ability to activate the HSV-1 glycoprotein gD promoter. Although the stimulation of the gD promoter by Vmwll0 is small in transfection assays, cotransfection into HeLa cells of plasmids expressing Vmw110 and Vmw175 (the major IE regulatory polypeptide of HSV-1) leads to substantially more gD promoter activation than with either IE gene alone (Everett, 1984 (Everett, , 1986 . Plasmids plll (the positive control with a normal IE-1), p110C1, p110C3, pll0C4, pll0C7 and pll0C8 were cotransfected into HeLa cells with plasmids pgDCAT and p175. These latter two plasmids contain the gD promoter linked to the CAT gene with an HSV-2 polyadenylation signal, and the IE-3 region of HSV-1 respectively (Everett, 1986; Perry et at., 1986) . Each cotransfection experiment was repeated between four and nine times. The results are given in Table 1 . Rather surprisingly (since most HSV-1 genes are unspliced) deletion of the introns in IE-1 had a marked affect on the ability of the plasmids to activate the gD promoter. Deletion of the first (p110C4) or the second intron (p110C7) reduced activation by about 60% and 40% respectively from that obtained with plll and deletion of both introns (p110C1) resulted in activation levels barely above those obtained with p175 alone. The fact that the loss of either intron affects the level of activation of the gD promoter suggests that this effect may be due to a requirement for splicing for efficient expression of Vmw110 from these plasmids to occur in transfection experiments. Since the deletions in these plasmids were made on the basis of the predicted splice sites and not on cDNA sequences, it is possible that the defect in pll0C1 could be explained by failure to produce an mRNA of the correct sequence. However, this is unlikely as deletion of either intron alone does not eliminate Vmw110 activity. The reason for the lack of activity of plasmid pll0C1 in transfection assays is considered in more detail in the Discussion.
Plasmids pll0C3 and pll0C8 (with the additional small coding region deletion) gave similar results to those obtained with p110C1 and p1107, respectively (Table 1) . The result with pll0C8 illustrates that the loss of six acidic residues in this part of Vmwll0 has no drastic * Activation of the gD promoter in pgDCAT in the presence Of Vmw175 (expressed by p175). The induction of CAT activity by pl 11 above that induced by p175 (approximately 20-fold) was used to normalize the other results.
t All transfections were repeated on several independent occasions using two different plasmid DNA stocks.
J; Figures in parentheses show the standard error of the mean.
affect on its activity in transfection assays, because its reduced activity can be attributed entirely to the loss of the second intron.
Isolation of HSV-1 viruses lacking one or both introns in IE-1
The reduction in the activation of the gD promoter by the intron deletion plasmids in transfection assays raises the question whether a similar lack of expression or function of Vmwll0 occurs when these constructs are present in the HSV-1 genome. Plasmids pll0C1, p110C3, pll0C4 and p110C7 were linearized by digestion with SstI and cotransfected into BHK cells with infectious d11403 viral DNA. Mutant d11403 lacks the XhoI-SalI region (Fig. 1 ) from both copies of IE-1 and grows relatively poorly in tissue culture (Stow & Stow, 1986) . Incorporation of an IE-1 region into d11403 by recombination with plasmid DNA provides a considerable growth advantage, even when the plasmid-encoded gene is partially defective (Everett, 1989) . Therefore, screening of the progeny plaques from the infectious cotransfection experiment was expected to yield a number of viruses lacking either or both IE-1 introns. Candidate plaques from each transfection were screened by Southern blot analysis of infected cell DNA using an IE-l-specific probe. Clones which had incorporated the IE-1 region from the plasmids were plaque-purified twice more before large-scale stocks were prepared. Viruses 110C1, 110C3, 110C4 and 110C7 were derived from their respective plasmids and were finally confirmed as having the expected genome structure (Fig. 2) . Digestion with SstI and Sail illustrates the loss of the first, large intron (or both introns; Fig. 2a ) whereas digestion with XhoI and SalI reveals the much smaller deletion of intron 2 in the indicated fragment more clearly (Fig. 2b) . The other bands in Fig. 2 are derived from the joint and terminal fragments either side of the IE-1 region and are detected by the plll probe (see legend). The slightly larger deletion of coding DNA in 110C3 is not readily detectable on the blot shown here but its presence was confirmed on other blots (data not shown). Thus mutant HSV-ls lacking the first, the second or both introns of IE-1 were constructed.
The growth properties of lE-1 intron deletion viruses in tissue culture (i) Particle yields, particle to p.f.u, ratios and cell type effects
The characteristics of HSV-1 viruses with defects in Vmw110 include normal growth at high multiplicity but a lower probability of initiating infection at low multiplicity which leads to high particle to p.f.u, ratios. This effect is particularly pronounced in some cell types (for example H F L cells), and is due to a defect in an early step in infection such that viral gene expression fails to be activated (Stow & Stow, 1986; Sacks & Schaffer, 1987; Everett, 1989; Cai & Sehaffer, 1989) . As an initial measure of the effects of the intron deletions, the properties of the 110C series viruses in plaque assays in different cell types were investigated. Single plaques of HSV-1 strains 17 and d11403, and the 110C viruses, were picked and inoculated into Linbro wells of B H K cells. The cells and media were harvested 2 to 3 days later, when the infections were well advanced, and the resulting virus stocks were used to determine particle numbers and p.f.u, in B H K and H F L cells. This approach ensured that these rather variable parameters were compared using stocks which had been prepared simultaneously by identical methods.
The results (Table 2) show that d11403 grew relatively well (compared to previous experiments; Everett, 1989) in the batch of B H K cells used and that there was little difference between the particle to p.f.u, ratios of all the viruses in this cell type. However, in confirmation of previous results, d11403 was drastically defective in H F L cells, with a particle to p.f.u, ratio nearly 2000-fold lower than that of HSV-1 strain 17. The intron deletion viruses gave results in the same range as those o f HSV-1 strain 17 and formed plaques with similar efficiencies in both cell types. Therefore, despite the defect in Vmw110 activity induced by deletion of the IE-I introns in transfection assays, viruses with the same deletions produce plaques with normal efficiency in H F L cells. The contrast is particularly marked with the construct lacking both introns. Fig. 3 shows that the 110C viruses accumulated similar amounts of IE polypeptides, including Vmw110. Therefore the lack of introns does not seem to affect the expression of Vmw110 under these conditions. Note that the small deletion of coding sequence in 110C3 is mirrored by a slightly smaller V m w l l 0 polypeptide and that V m w l l 0 expressed by the other 110C viruses has a mobility identical to that of HSV-1 strain 17. This is strong evidence that the deletions in the l l0C plasmids and viruses created the same coding sequence as that normally produced by splicing of the primary IE-I transcript. Therefore the proposed intron junctions, predicted from the D N A sequence in conjunction with S1 analysis of IE-1 RNA, are almost certainly correct.
(iii) Viral polypeptide expression at high and low multiplicity
The apparently normal expression of V m w l l 0 during the unphysiological conditions of cycloheximide reversal does not necessarily imply that viral gene expression in general, or that of Vmw110 in particular, is unaffected by Table 1 . Polypeptides were labelled and harvested as described in the text. The indicated major high Mr viral polypeptide bands, which are obvious in comparison with the mockinfected controls, are (in order of increasing mobility) the major capsid protein, the large subunit of ribonucleotide reductase, the major DNA binding protein and glycoprotein gB. The major tegument protein Vmw65 is also clearly visible two-thirds of the way down the gel. Note that HSV-1 strain d11403 has a multiplicity-and cell type-dependent defect in viral gene expression. the intron deletions in the 110C viruses. Therefore B H K and H F L cells were infected at both low and high multiplicity with HSV-1 strains 17 and d11403, and the 110C viruses. This is another effective way of assessing V m w l l 0 function during a normal infection because lack of Vmw 110 function at low multiplicity in H F L cells leads to failure to express viral polypeptides (Everett, 1989) . The results (Fig. 4) show that although the defect in HSV-1 strain d11403 expression at low multiplicity in H F L cells was readily apparent, the 110C viruses were similar to HSV-1 strain 17 in both cell types. Therefore the lack of introns in IE-1 does not appear to affect the general pattern, efficiency or time-course of viral gene expression.
(iv) Competition growth experiments
The experiments described above suggest that loss of the IE-1 introns does not affect the growth potential of HSV-1. However, probably the most sensitive way of comparing relative growth is to do mixed infections and characterize the progeny virus to see whether one outgrows the other. Stocks of HSV-1 strains 17 and d11403, and the l l0C viruses, were diluted such that 35 mm plates containing 1 x 106 BHK ceils could be infected with 100 p.f.u, of HSV-1 strain 17 and 100 p.f.u. of one of the mutant viruses. The infections were allowed to proceed and the progeny virus was harvested and plated out at 200 p.f.u, per plate. The progeny from this second round of growth were then plated out under agar to isolate single plaques. Appropriate Southern blot analysis of single plaques from each competition experiment was carried out to determine the proportion of mutant and wild-type genomes in the progeny. The results indicated that, as expected, HSV-1 strain d11403 had a severe growth disadvantage because 96% of progeny IE-1 was derived from HSV-1 strain 17. The corresponding proportions from the competition experiments using 110C1, 110C3, 110C4 and 110C7 were 50%, 72 %, 37 % and 41% respectively. It can be concluded that the competition experiment did not detect any apparent growth disadvantage of viruses lacking either or both IE-1 introns. However, the extra coding region deletion in 110C3 may have resulted in a slight growth disadvantage.
(v) The time-course of expression of VmwllO during growth of HSV-1 strain 17 and llOC viruses Finally the 110C viruses were characterized in terms of Vmwll0 expression during a normal infection. BHK cells were infected with HSV-1 strain 17 and 110C1 virus at a multiplicity of 5 p.f.u./cell and plates were harvested directly into protein boiling mix at 2, 4, 6, 8 and 12 h after infection. The proteins in the samples were electrophoretically separated on SDS-polacrylamide gels and then transferred to nitrocellulose filters using a Bio-Rad Western blotting kit. The filters were blocked and then incubated with a rabbit antipeptide antiserum directed against the carboxy terminus of Vmwll0 (Perry et al., 1986) . Bound antibodies were detected using radioiodinated Protein A. Fig. 5 shows that Vmw110 protein accumulated steadily throughout infection, eventually reaching levels at 12 h after infection which were comparable to those observed with virus tsK at its nonpermissive temperature, conditions which result in abnormally high levels of accumulation of Vmwll0 (Preston, 1979) . All the 110C viruses gave results similar to those obtained with HSV-1 strain 17. In the experiments shown here, there was some indication that the 110C viruses started Vmw110 accumulation a little later and eventually produced slightly more than HSV-1 strain 17 but these differences were not reproducible. This is a further illustration that loss of the IE-1 introns has no marked affect on the efficiency of IE-1 expression. The apparent early or delayed early kinetics of IE-1 expression in these experiments is discussed in more detail below.
Discussion
The experiments described in this paper were initiated to investigate the role of the intron sequences in IE-1 during HSV-1 infection in tissue culture. The presence of introns in coding regions of the HSV-1 genome is very unusual (McGeoch et al., 1988) , and it was anticipated that removal might reveal their role. However, intron deletion mutant virus ll0C1 was not significantly impaired in any of the assay systems employed. Therefore the role, if any, of the IE-1 introns during HSV-1 growth in tissue culture remains obscure. A
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contrasting situation has been observed during simian virus 40 (SV40) infection. Deletion of the introns from the SV40 late transcription unit results in little or no SV40 late RNA accumulation in the cytoplasm due to defects in nuclear stability and processing (Ryu & Mertz, 1989) .
In transfection experiments, the IE-1 intron deletion plasmids showed significant differences from the normal gene. Deletion of either intron reduced the ability of the plasmid to activate the gD promoter and deletion of both introns essentially eliminated trans-activation. This intriguing result implies that without the introns, the role of Vmwll0 in gene expression in transfection assays might never have been noticed. Since the transfections were performed in HeLa ceils and the infections in BHK cells it was possible that the introns are important in the former but not in the latter cell type. However, infection of HeLa cells with the intron-deficient viruses resulted in exactly the same time-course and quantity of Vmw 110 expression as in BHK cells (results not shown). The most plausible explanation of these observations is that the lack of IE-1 introns in a plasmid in transfected cells results in a defect in nuclear processing or stability of the IE-I mRNA, leading to poor accumulation of Vmw110. This could be analogous to the situation with the SV40 late transcripts (Ryu & Mertz, 1989) . Support for this speculation comes from the results of immunofluorescence experiments using ceils transfected with pl 11 and pll0C1. Expression of Vmwll0 was clearly seen in HeLa cells transfected with plll but not in those transfected with pll0Cl (results not shown). This is reminiscent of the lack of fluorescence seen with plasmid pll0D1, which has an in-frame deletion covering the first intron region and is therefore similar to pll0C4 (Everett, 1988) . Plasmid p110C7 was not tested in this assay but might be expected to give a similar result to pll0Dl. Unfortunately, Western blotting was not sufficiently sensitive to provide more quantitative data on the amount of Vmwll0 expressed by the intron deletion plasmids in transfected cells.
A full explanation of the defect in Vmwl 10 expression from pll0C1 requires a detailed study of IE-1 RNA metabolism in transfected cells, which is outside the scope of this paper. Whatever the explanation, it seems that the situation is different during virus infection in tissue culture because in this instance Vmw110 expression is unaffected by the lack of introns, even in cycloheximide reversal experiments during which there is no viral gene expression. Among the many possible explanations are the involvement of a virion factor in splicing (which seems unlikely), or differences in RNA processing resulting from the subtle differences between transcription complexes on plasmid or viral DNA templates. However, it remains a possibility that constraints on Vmw110 expression from an intron-less IE-1 may be present during virus infection of particular cell types in vivo.
Another surprising observation to come out of this work is the time-course of expression of Vmw110. In our experiments we found that Vmwll0 accumulated throughout infection, eventually achieving high levels. This is contrary to the commonly perceived notion of IE gene expression and more closely resembles that of an early or leaky late gene. In fact, infections in the presence of the DNA synthesis inhibitor phosphonoacetic acid showed that the amounts of Vmwll0 expression were reduced, but the time-course was unaffected, by inhibition of viral DNA synthesis (results not shown). The definition of IE-1 as an IE gene rests on its high levels of expression in cycloheximide reversal experiments and during infections with viruses carrying defects in Vmw175. Although no previous study has carefully investigated the temporal expression of Vmw 110 during normal infections, the available data on the accumulation of Vmwll0 and IE-1 RNA are consistent with observations reported here (Ackermann et al., 1984; Harris-Hamilton & Bachenheimer, 1985; Weinheimer & McKnight, 1987) . It is interesting to note that the kinetics of accumulation of Vmwl 10 reported here may (again contrary to common perception) be similar to those of Vmw175 (see Metzler & Wilcox, 1985) .
During the course of these experiments a potentially interesting mutant of Vmw110 (pll0C3 and p110C8) was isolated which had lost six acidic amino acids in a deletion of seven codons (residues 233 to 239; Perry et al., 1986) to the N-terminal side of the second intron. This highly acidic region is adjacent to a basic one encoded on the other side of the intron. Although deletion of both acidic and basic regions together was found not to affect Vmw110 function (Everett, 1988) , deletion of most of the acidic residues would be expected to create a large local charge imbalance. However, this alteration did not affect Vmw110 function in transfection assays (Table 1) .
The role of the IE-1 introns remains obscure. Since sequences upstream of the IE-1 region are involved in pathogenicity (Taha et al., 1989; Thompson et al., 1989) and a transcript containing these sequences continues throughout the IE-1 region (Chou and Roizman, 1986) , it seemed possible that information within the IE-1 introns might also be involved in pathogenicity. However, preliminary data from intracranial inoculation experiments in mice indicate that the pathogenicity of the 110C viruses is not impaired (L. Robertson & S. M. Brown, personal communication). The latest data on the mapping of the LATs show that the primary LAT probably overlaps the entire IE-I region (Dobson et al., 1989) . Given that the LATs appear to have some role in the reactivation of latent virus in at least one system (Hill et al., 1990) , it is possible that the introns of IE-1 are present in order to retain information important for this function on the other strand. This possibility remains to be explored.
